Stage-1 NiCl&-graphite intercalation compounds (GIC s) have been prepared under conditions of high temperature and high Cl~pressure. These compounds have a c-axis repeat distance of 0 I, =9.36+0.05 A, and the intercalate has a rhombohedral interplanar stacking sequence similar to pristine NiCl, . 3ust as with stage-1 CoC12-GIC's, the magnetic behavior of stage-1 NiC12-GIC's appears always to be three dimensional. We interpret the magnetic phase transition at T =22.0+0.5 K as the Neel temperature T&. At lower temperatures, the ac susceptibility shows two magnetic field-induced transitions when a magnetic field is applied in the x-y plane. At T = 11.5 K, a temperature much less than T&, the transition field values are H"=380Oe and H, 2=780 Oe. Compared with similar measurements in stage-2 NiC12-GIC s and pristine NiC12, we estimate that the ratios of the interplanar antiferromagnetic couplings J~";";", :J, 't g -] J f g -p are 720:24:1. These new results now provide us with two families, stage-1 and stage-2 CoC12-GIC's and NiC1~-GIC's, from which some general trends about quasi-two-dimensional systems can be inferred.
I. INTRODUCTION
In this paper we report on the magnetic and structural properties of nearly pure stage-1 NiC12-GIC's (graphite intercalation compounds).
This first-stage compound, which has not been investigated before in any detail, provides an important link between pristine NiClz and stage-2 NiC12-GIC's; the latter is considered a good candidate for observing two-dimensional planar magnetic (2D XY) behavior. To facilitate the comparison of the magnetic properties of stage-1 NiC12-GIC's with other GIC's, it is useful to review the properties of CoC12-GIC's and stage-2 NiC12-GIC's, as we11 as their parent pristine metal chlorides. Pristine NiClz and CoClz have been studied as possible XY magnets because the crystal field anisotropy favors the spins lying down in the x-y plane. In these metal chlorides, the in-plane exchange interaction J is strong and ferromagnetic, whereas the interplanar exchange interaction J' is weak and antiferromagnetic. Upon intercalation, the NiC12 and CoClz layers retain their in-plane properties (e.g. , in-plane lattice constants, in-plane exchange constants), but the interplanar parameters will be changed. A dramatic decrease of J' is expected. However small J' becomes, these systems will eventually order into a three-dimensional (3D) magnetic state at a sufficiently low temperature. Below the 3D ordering temperature, there are sheets of ferromagnetically aligned spins, and these sheets are ordered antiferromagnetically along the c axis.
Using neutron scattering, Ikeda et al. ' reported that stage-1 CoC12-GIC's have a Neel temperature of 9.9 K, which is close to the upper of the two maxima that are observed in temperature-dependent ac susceptibility measurements. For the stage-1 CoC12-GIC the c-axis antiferromagnetic coherence length g, is about 20 magnetic layers. ' For the stage-2 CoClz-GIC, the three-dimensional order is found to set in at a lower temperature, T, I =8.0 K. At a slightly higher temperature, T, "=9. 1 K, another magnetic transition is observed, and it is thought that in the region T,I & T & T,", the stage-2 compound is in a 2D XY Kosterlitz-Thouless phase. Later neutron work provided some support for this identification of the transition temperatures. Although the values of T,& and T, " vary from group to group (often using different experimental techniques to probe these magnetic properties), it is always found that the 3D ordering temperature in the stage-1 compound is higher than T,"and T Fig. 2(c) . This range of misorientation accounts for the circumferential arcing of the intercalate (hk0) refiections shown in Fig. 2 
(a).
The stacking sequence is determined by indexing precession photographs along the in-plane axes. To successfully index the a-axis precession photographs, a domain twin model must be incorporated to account for the fact that the three-dimensional intercalate structure possesses lower symmetry (83m ) than an individual carbon (graphene) layer (6mm calate layers, similar to the stacking in pristine NiClz.
The difFuse nature of the intercalate (h Ol ) or (Okl ) reflections in Fig. 2 (b) is attributed to both the large mosaic spread in the crystal and the small 3D crystallographic coherence length. A more complete report of this structural work will be published elsewhere.
Further evidence for 3D ordering of the intercalate layers comes from x-ray diffraction results measured on a four-circle diffractometer.
In Fig. 3 we show a radial scan (8 -20) The higher-stagesusceptibility contributions are much stronger than the stage-1 contribution (even though the higher stages are minority phases as determined by x rays), because the susceptibility signal per Ni + ion increases rapidly with increasing stage number n. This conclusion is inferred from the rapid increase of the susceptibility maximum versus stage n that was observed in the CoC12-GIC's (Ref.
11) and in the FeC1&-GIC's. ' When the y"(T) measurements on the NiC12-GIC sample (see Fig. 5 ) were repeated in the presence of a magnetic field, the lowertemperature peak was completely suppressed by a field of H =300 Oe. The upper peak was also slightly attenuated and this peak was shifted to a lower temperature ( -22.0 K). Figure 6 shows a series of y"(H) plots, the data be- 
where pz is the Bohr magneton. Fig. 9 
In conclusion we have prepared stage-1 NiC12-GIC's and have characterized their magnetic and structural properties. We have found a large number of similarities between stage-1 NiC12-GIC's and stage-1 CoC12-GIC's.
They both exhibit rhombohedral stacking of the intercalate layers which are oriented at 0' with respect to the graphite a axes. This structural three dimensionality also affects the magnetic behavior.
Magnetically the two compounds appear to undergo a transition to an ordered 3D antiferrornagnetic state. For
